The mammalian genome is compacted to fit within the confines of the cell nucleus. DNA is wrapped around nucleosomes, forming the classic 'beads-on-a-string' 10-nm chromatin fibre. Ten-nanometre chromatin fibres are thought to condense into 30-nm fibres. This structural reorganization is widely assumed to correspond to transitions between active and repressed chromatin, thereby representing a chief regulatory event. Here, by combining electron spectroscopic imaging with tomography, three-dimensional images are generated, revealing that both open and closed chromatin domains in mouse somatic cells comprise 10-nm fibres. These findings indicate that the 30-nm chromatin model does not reflect the true regulatory structure in vivo.
INTRODUCTION
Prevailing models of genome organization describe the 30-nm fibre as the default bulk chromatin conformation within the mammalian nucleus [1] [2] [3] . According to these models, the 30-nm fibre is formed by either coiling 10-nm fibres into a solenoid [4, 5] or folding 10-nm fibres into a zig-zag conformation [6] . The 30-nm chromatin fibre model has prevailed from experiments using cell-free conditions, and from cells where nuclei are disrupted or chromatin extracted [2, 3, 7] , but little direct evidence exists for an in situ 30-nm fibre, with the exception of a few specialized non-mammalian cell types [8] [9] [10] [11] . A definitive understanding of higher-order chromatin structure in situ has remained elusive, mainly due to the limitations of direct imaging technologies. For instance, conventional transmission electron microscopy requires contrast-enhancing agents, which obscure the high-resolution detail of individual chromatin fibres and cannot be reliably used to distinguish chromatin from surrounding protein complexes. Cryo electron microscopy (cryoEM) overcomes some limitations of conventional TEM, retaining chromatin in a hydrated environment. Recent studies by cryoEM methods have been used to address the chromatin fibre configuration in metaphase chromosomes, and have provided high-resolution images of extracted chromatin. The cryoEM approach has not yet addressed the question of the chromatin fibre configuration in intact interphase cells, primarily due to the relatively low contrast of chromatin in situ in interphase nuclei. Electron spectroscopic imaging (ESI) on the other hand provides quantitative, high-contrast images of chromatin fibres in situ with high spatial resolution, without the use of contrast agents. Both ESI and conventional transmission electron microscopy, however, suffer from the same complication in that three-dimensional (3D) information is projected onto a single image plane. As a result, several, often overlapping, chromatin fibres cannot be resolved. By combining ESI [12] [13] [14] with electron tomography [15, 16] , this serious limitation can be overcome, and has allowed us to resolve even overlapping fibres in compact chromatin domains at the nuclear envelope of cultured mouse embryonic fibroblasts (MEFs) [17] .
The main satellite pericentromeric repeat sequences from multiple chromosomes cluster to form large, easily recognized, cytologically compact chromocentres. These chromocentres are thought to comprise higher-order chromatin fibre assemblies, including 30-nm fibres [18] , and are enriched in the definitive marks of constitutive heterochromatin, such as H3K9me3 and H4K20me3 [19] .
After tomographic reconstruction of MEFs, we observed 10-nm chromatin fibres not only in open domains, but, surprisingly, also in closed heterochromatin chromocentres, identified by constitutive heterochromatin-associated histone marks (Fig 1A,B ; supplementary movie S1 online; supplementary Fig S1A-C online). Even more surprising was the distinct absence of 30-nm fibres in these heterochromatin domains. To confirm that our fixation, embedding or tomographic reconstruction procedure was not responsible for generating any dimensional distortions, we applied the identical protocol to analyse the chromatin configuration of Patiria miniata (starfish) sperm. Previous studies have detected in situ higher-order chromatin structures within these nuclei [11, 20] . As expected, we observed primarily so-called 30-nm chromatin fibres in the mature sperm nuclei both by ESI and by ESI tomography (Fig 1C,D) . In real space, measurements of fibre diameter ranged from 20 to 30 nm, consistent with both X-ray scattering measurements [21] and conventional TEM [6] . As the 30-nm fibre and high-order chromatin assemblies of starfish sperm are clearly discernable using ESI tomography, we rejected the possibility that the 10-nm chromatin fibres observed in MEF nuclei were simply due to specimen preparation artefacts. We considered the remote possibility that chemical fixation might have disrupted the 30-nm into 10-nm chromatin fibres in mouse cells under culture conditions. This was unlikely as the same fixation and embedding procedures were used to visualize starfish sperm nuclei, where 30 nm chromatin was observed (Fig 1C,D) [20] . Nevertheless, we examined the 3D structure of chromocentres in specimens that were cryo-fixed by high-pressure freezing followed by freeze substitution and resin embedding. Ten-nanometre chromatin fibres also exclusively comprised both the chromocentre domains and the surrounding chromatin in the cryo-fixed MEFs (supplementary Fig S1D,E online) .
To confirm that the fibres observed within the MEF nuclei were in fact 10-nm nucleosome fibres, we acquired higher-magnification data sets where individual nucleosomes and intervening linker DNA could now be resolved (Fig 2; supplementary Movie S2 online). Fibres within the densely packed chromocentre domains were often highly bent and folded (supplementary Fig S2 online) . The resolution of these data sets was even sufficient to detect the gyres of phosphorus-rich DNA fibres confined to the perimeter of the phosphorus-poor protein-rich core histone octamer; rotation of high-resolution tomograms revealed both side views and en face views of individual nucleosomes (Fig 3; supplementary Movie S3 online).
We then asked whether the genomic organization of MEFs, comprising entirely 10-nm chromatin fibres, was a nuclear morphology artefact of in vitro cell culture. Hence, we analysed The genome is organized by 10-nm chromatin fibres E. Fussner et al scientific report a variety of mouse tissues by ESI and selected both spleen lymphocytes and liver cells for tomographic analysis. In contrast to MEFs, lymphocytes have an exceptionally high representation of compact chromatin domains throughout the nucleus. We thus expected that this cell type would provide the best opportunity for observing 30-nm and higher-order chromatin fibre structures, assuming that such fibres are required for forming compact chromatin domains. After tomographic reconstruction, we observed that these densely packed, chromatin domains were exclusively configured as 10-nm chromatin fibres (Fig 4A-C; supplementary Fig S2 online) . In addition to lymphocyte cells, we performed tomographic analysis of the liver tissue cells, where both dispersed and compact chromatin domains are well represented [22] (Fig 4D-F) . Measurements from tomographic reconstructions once again show that both the open and closed domains of the liver cell nuclei comprise 10-nm chromatin fibres. Despite the fact that the bulk genome is organized into 10-nm chromatin fibres, distinctive domains of compact, biochemically marked, heterochromatin and more open domains are evident, pronounced in the MEF cells (Fig 1B) . However, what ultimately dictates how these domains are formed or maintained remains to be determined. The fibres within the more compact heterochromatin regions are more densely packaged and folded (supplementary Fig S2 online) , indicating a role for factors that modulate fibre-fibre distances and fibre bending, two parameters that would establish the local domains of compaction.
The absence of 30-nm chromatin fibres in somatic cells, although surprising, is consistent with recent studies by both the Dekker laboratory [23, 24] and Eltsov et al [25, 26] . In a wholegenome analysis using three-C molecular biology methodologies, the Dekker group found that yeast chromatin is best modelled by a 10-nm chromatin fibre, and using the high-C technique they found that both open and closed domains of a lymphocyte cell line were best modelled by a single chromatin fibre type rather than a hierarchy of fibre types [24] . In addition, cryoEM images of cryo-preserved mitotic chromosomes obtained by Eltsov et al [25] revealed only 10-nm chromatin fibres. These findings have been recently substantiated by small-angle X-ray scattering analysis of human mitotic chromosomes [26] . A formal possibility raised by the authors is that the 10-nm chromatin fibres populating the mitotic chromosome could have arisen from 'polymer melting', in which similar frequencies of inter-fibre and intra-fibre contacts could disrupt the 30-nm fibre conformation. Our demonstration of only 10-nm chromatin fibres in chromatin domains of widely differing densities argues against the 'polymer melt' explanation.
In the spleen lymphocytes, where we observed the highest levels of compact chromatin, we also observed the most pronounced fibre bending ( Fig 4C) and a very regular spacing between 10-nm chromatin fibres (Fig 4C) . We thus applied a Fourier analysis, enabling the calculation of both chromatin fibre size in three dimensions and potentially the distance between fibres if a regular spacing were sufficiently represented to be detected in Fourier space. The Fourier analysis confirmed the image analysis, showing a frequency peak correlating to 10.2-nm chromatin fibres in these very densely packaged domains. Remarkably, we observed a strong peak in the Fourier spectrum correlating to 39 nm. Re-examining the real space images confirmed that this 39-nm peak corresponds to a fibre-fibre spacing that is far greater than the single fibre diameter (supplementary Fig S3 online) . We speculate that this very regular spacing of 10-nm chromatin fibres within these domains gave rise to the 30-nm spacing measurements revealed by low-angle X-ray scattering experiments of intact nuclei [21] . We also observed a 20-nm Fourier transform peak and a very strong 43-nm peak. Comparing the Fourier transform with real space measurements (described earlier), we conclude that in the starfish sperm the fibre-fibre spacing is B20 nm.
The primary role of the histone octamer is to compact DNA into the cell nucleus. This is accomplished by balancing the negative charge of the DNA and by decreasing the effective length of the genome [8] . The conventional model of chromatin is that higherorder fibres, such as the 30-nm chromatin fibre, augment the required shortening function of the nucleosome itself. Alternatively, frequent folding or bending of the 10-nm nucleosomal fibre could accomplish the same thing. Our data support the latter. The interconversion of 10-to 30-nm chromatin fibres does not represent a principal gene-regulatory mechanism, and is not required for regulation. However, the protein factors, which regulate transitions between 10-and 30-nm chromatin studied with in vitro model systems [27, 28] , are probably the same factors responsible for The genome is organized by 10-nm chromatin fibres E. Fussner et al scientific report modulating the nucleosome repeat length, the degree of folding or bending of 10-nm chromatin fibres, and the spacing between them. Future studies will address this question.
METHODS
Cell culture and tissue preparation. Patiria miniata testis and mouse tissues were isolated and fixed overnight in 2% glutaraldehyde. Primary embryonic fibroblasts (MEFs) were isolated from 15.5-day mouse embryos and cultured in standard conditions and processed as previously described for correlative LM/ESI [29] using a rabbit H3K9me3 antibody. In fixation control experiments, immortalized MEFs were high-pressure frozen in liquid nitrogen (Leica) and infiltrated with resin by freeze substitution (Leica). Samples were embedded in Quetol or LRwhite as previously described [13] . Seventy-nanometre sections (Leica ultramicrotome) were coated with 3-nm carbon films to improve sample stability. Ten-nanometre gold particles were used as fiducials for tomographic reconstructions. Data acquisition and analysis. SerialEM [16] was used to acquire the high-magnification phosphorus tilt series over a tilt range of ± 601. ESI image pairs were collected at 120 and 155 eV every 21 using a Tecnai20 transmission electron microscope operated at 200 kV, equipped with a GATAN imaging filter. Image stacks were aligned using IMOD [30] , and processed into phosphorus ratio maps using IMOD [30] , SPARX [31] and ImageJ. The SIRT algorithm (IMOD implementation) was used to generate [7, 15] 3D maps from the aligned image series. Chimera [32] was used to render 3D images and generate perspective maps and movies.
Combined zero tilt images using ESI were acquired at 120 and 155 eV, and 385 and 415 eV to generate the phosphorus and nitrogen ratio maps, respectively. ESI images were processed using Adobe Photoshop 7.0 as previously described [13] . Phosphorus maps were overlaid onto the normalized nitrogen maps to represent chromatin (coloured yellow) and protein-rich structures (coloured blue). The resolution of these images ranged from 1.3 to 2.56 nm per pixel depending on the magnification.
Chromatin fibres were measured in three dimensions using ImageJ and digital micrograph. The connectivity of nucleosomal fibres was confirmed by tumbling 3D phosphorus maps of the 70-nm sections with the phosphorus electron density displayed in Chimera.
Fourier transform analysis was carried out by summing the power spectra of overlapping subareas of the most compact chromatin regions in a central 13-nm tomographic slice from each tomogram. RNA-containing structures were avoided in the analysis. The edges of individual fibres were identified by Canny edge detection (ImageJ) and their power spectra were then rotationally averaged using SPARX to yield a one-dimensional trace. The spectra were normalized by integral area and averaged to give a single representative profile of reciprocal distances. Supplementary information is available at EMBO reports online (http://www.emboreports.org). 
